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Abstract
We show how gauge coupling unification is successfully implemented through non-
supersymmetric grand unified theory, SO(10) × Gf ( Gf = S4 , SO(3)f , SU(3)f ), using
low-scale flavor symmetric model of the type SU(2)L × U(1)Y ×SU(3)C × S4 recently
proposed by Hagedorn, Lindner, and Mohapatra, while assigning matter-parity discrete
symmetry for the dark matter stability. For gauge coupling unification in the single-step
breaking case, we show that a color-octet fermion and a hyperchargeless weak-triplet
fermionic dark matter are the missing particles needed to complete its MSSM-equivalent
degrees of freedom. When these are included the model automatically predicts the non-
supersymmetric grand unification with a scale identical to the minimal supersymmetric
standard model/grand unified theory scale. We also find a two-step breaking model with
Pati-Salam intermediate symmetry where the dark matter and a low-mass color-octet
scalar or the fermion are signaled by grand unification. The proton-lifetime predictions
are found to be accessible to ongoing or planned searches in a number of models. We dis-
cuss grand unified origin of the light fermionic triplet dark matter, the color-octet fermion,
and their phenomenology.
1 Introduction
The standard model (SM) gauge theory based upon SU(2)L × U(1)Y × SU(3)C (≡ G213) has
enjoyed tremendous success by virtue of its excellent agreement with numerous experimental
data. Nevertheless the SM has several shortcomings some of which are circumvented when the
model emerges from a grand unified theory (GUT) [1, 2, 3]. Apart from providing solutions
on certain fundamental issues [4], GUTs predict gauge boson mediated proton decay via d = 6
operators and, in particular, the decay mode p → e+pi0 has been the hall mark of grand
unification. Predictions of gauge boson mediated proton decays in nonsupersymmetric (non-
SUSY) GUTs are neat and robust compared to the corresponding predictions in supersymmetric
GUTs which are affected by complications due to Higgsino mediated proton decays via d = 5
operators [5, 6]. Predictions on the proton decay in GUTs with or without supersymmetry
(SUSY) have called for dedicated experimental searches to testify the predicted phenomena
[7, 8]. But GUTs may not provide a satisfactory answer to fermion masses and mixings which
may need additional flavor symmetries. In fact, experimental evidences of masses and large
mixings of neutrinos has triggered interests in flavor symmetries leading to the suggestions
of grand unification symmetry of flavor including SO(10) × Gf (Gf = S4, SO(3)f , SU(3)f )
[9, 10, 11, 12, 13, 14, 15, 16].
Recently Hagedorn, Lindner, and Mohapatra (HLM) [10] have examined an interesting model
based upon the non-SUSY SM gauge structure as a possible solution to the fermion flavor
problem with G213 × S4 symmetry at low scales. It predicts a rich structure of neutral and
charged Higgs scalars near the TeV or lower scales which can be tested at Tevatron, LHC or
planned accelerators. However, suppressed flavor-changing neutral current (FCNC) effects near
electroweak scale may suggest that the scale of spontaneous S4 symmetry breaking could be
higher ,∼(few-10) TeV instead of being near the electroweak scale. In such a case HLM type
of analysis can be carried out with renormalization group (RG)-extrapolated values of fermion
masses and mixings [17] at 1−10 TeV scale as has been done in [11, 12, 13] and in a number of
other models. Such HLM type of model with spontaneous S4 braking at ∼ 1 − 10 TeV would
lead to the SM with only one Higgs doublet below the TeV scale.
In SUSY SO(10) × S4 with R-parity conserving intermediate symmetry SU(2)L × SU(2)R ×
U(1)B−L × SU(3)c × S4(g2L = g2R) at the type-I see-saw scale [12], apparently there is no
signature of the underlying flavor symmetry to be tested by accelerator searches. While the
gauge hierarchy problem certainly prefers a supersymmetric SO(10) × Gf model, in the ab-
sence of any evidence of supersymmetry at low energies and for the sake of simplicity alone,
prospects of minimal non-SUSY SO(10) × Gf should be thoroughly explored and confronted
with experiments.
More recently, interesting attempts have been made through non-SUSY SO(10) to exploit
matter-parity origin of dark matter (DM) [18]. As signals of of grand unification in the single-
step breaking of non-SUSY SO(10), an inert scalar doublet along with a scalar singlet [18]
have been suggested as DM candidates. In another independent study, a non-standard weak
triplet fermion Fσ(3, 0, 1) with zero hyper-charge and TeV scale mass, suggested earlier from
phenomenological grounds [19], has been identified as DM candidate [20].
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In this work while attempting grand-unification completion of the HLM type model we iden-
tify two interesting models :(i) A single-step breaking model where ∼TeV scale masses of a
fermionic triplet dark matter as well as a color-octet fermion are predicted by grand unifica-
tion; (ii) A two-step breaking model with Pati-Salam intermediate symmetry where TeV scale
masses of the fermionic triplet DM and a color-octet scalar or fermion are accommodated by
grand unification. We show how light masses of both types of fermions are obtained from the
adjoint fermion representation (45F , 1) ⊂ SO(10)×Gf and discuss their phenomenology. The
proton lifetime predictions made in a number of the cases are accessible to ongoing and planned
searches. Although the production cross section for direct detection of DM is known to be small
at present LHC energies and luminosity, there is agreement of recently predicted fluxes with
PAMELA positron excess with corresponding absence of anti-proton excess for energy ≤ 200
GeV. Large pair production cross section and absence of superpartners at accelerator energies
would indicate towards the presence of color-octet fermions of this model. Whereas SO(10)
grand unification without flavor symmetry signals the presence of the fermionic triplet DM with
TeV scale mass, the color-octet fermion needed for completion of the same grand unification
has very large mass (7× 1010 GeV) [20] which is impossible to manifest at accelerator energies.
In the present model, however, both the fermion masses being in the ∼ TeV scale, are subject
to experimental tests at the accelerators.
The non-SUSY G213 × S4 model with six doublets at lower scale has an interesting predic-
tion. Matching the degrees of freedom relevant for gauge coupling unification with the minimal
supersymmetric standard model (MSSM), we show that the color-octet fermion and the hyper-
chargeless weak-triplet fermionic DM are the missing non-trivial elements from the low-scale
flavor symmetric gauge theory. As such their inclusion at ∼TeV scale naturally predicts non-
SUSY grand unification with a scale identical to the MSSM-GUT scale.
This paper is organized in the following manner. In Sec. 2 we discuss briefly the HLM type
model with G213 × S4 symmetry . In Sec.3 after showing absence of unification in the HLM
type model, the minimally modified single-step breaking scenario is presented with grand uni-
fication signals. In this section we also discuss predictions on the proton lifetime. In Sec.4 we
discuss phenomenology of light fermions. The two-step breaking models including Pati-Salam
intermediate gauge symmetry are discussed in Sec. 5. Summary and conclusions are stated in
Sec. 6.
2 The standard gauge theory with low-scale S4 symme-
try
In this section we discuss salient features of the G213 × S4 model of the type used in ref. [10]
and briefly outline the HLM type of model we have used to study possible signals of grand
unification.
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Particle SU(2)L ×U(1)Y × SU(3)c S4
Quarks Q (2,+1
3
, 3) 32
Anti quarks uc (1,−4
3
, 3) 32
Anti quarks dc (1,+2
3
, 3) 32
Leptons L (2,−1, 1) 32
Antileptons ec (1,+2, 1) 32
Right-handed ν’s (1, 0, 1) 32
Doublet Higgs φ0 (2,−1, 1) 11
Doublet Higgs (φ1, φ2) (2,−1, 1) 2
Doublet Higgs (ξ1, ξ2, ξ3) (2,−1, 1) 31
Table 1: The minimal particle content and transformation proper-
ties in the G213 × S4 model used in Ref. [10].
In the non-Abelian discrete symmetry group S4, there are two types of triplet representations,
31 and 32, and also two types of singlet representations, 11 and 12, but there is only one type
of doublet representation, 2. If one wishes to identify the fermions further in the fundamental
representations of continuous flavor groups like SO(3)f or SU(3)f , then the three generations
of standard fermions are to transform as 32, rather than 31 of S4. The HLM [10] proposal
gives a very interesting possibility of embedding in the most attractive grand unified theory
like SO(10) by appending it with the continuous flavor groupGf = SO(3)f ,SU(3)f in addition
to S4. By fixing the Yukawa couplings to be symmetric in flavor space, the allowed SO(10)
Higgs representations are 10H ’s and 126H’s. The sixplet of S4 doublet Higgs representations
are appropriately fitted into those of Gf by using six 10H-plets of SO(10) with transformation
property (10H, 31 + 2+ 11) under SO(10)× S4. In the minimal choice to create large right-
handed Majorana neutrino mass term to drive the type-I see-saw mechanism, one additional
Higgs representation transforming as (126H, 1) under this group is needed [21]. However in
order to generate different masses of down quarks and charged leptons, five more 126H’s may
be needed. Near the S4 breaking scale, the model consists of three generations of fermions all
transforming as 32 and six SM-like Higgs fields transforming as 11 + 2+ 31 under S4. The
particle content is summarized in Table 1.
Fermion masses and mixings in the model have been derived through a G213 × S4 invariant
Yukawa Lagrangian explicitly given in ref. [10]. Although there are twelve Yukawa couplings
in the G213 × S4 model, when embedded in a GUT like SO(10)× S4 they are expected to
reduce to only three corresponding to three of its representations (10H, 11) (10H, 2) and
(10H, 31). These three are expected to reduce to only one if the discrete flavor symmetry
group emerges from continuous flavor group Gf = SO(3)F , SU(3)f . Although some of the
CKM-quark mixings have been found to be somewhat smaller than the experimental values,
in two numerical examples, the charged fermion masses have been shown to arise as small
deviations from well known rank one matrices.
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Although the model has the potentiality to accommodate type-II seesaw [22], the SU(2)L Higgs
triplets contained in (126H , 1) are excluded to reduce the number of parameters. The right-
handed (RH) Majorana neutrino mass matrix generated by (126H , 1) is proportional to 3× 3
unit matrix in the generation space which drives the type-I see-saw formula for light neutrino
masses [21, 22] and the HLM model requires the quasi-degenerate RH neutrino mass scale to
be MR ≃ 1013 GeV. Thus the model has high potentiality to explain baryon asymmetry of the
universe through resonant leptogenesis and in non-SUSY models there is no gravitino constraint
[23].
Although spontaneous S4 breaking scale in the HLM model has been assumed to be near the
electroweak scale, suppression of flavor-changing neutral current (FCNC) may require all non-
standard Higgs doublet masses to be ∼ O(TeV) or larger. In that case using RG-extrapolated
values of fermion masses and mixings [17] HLM-type of analysis can be carried out in the
G213 × S4 model with spontaneous S4 breaking at µ ∼ O(1− 10) TeV leading to the SM with
only one light Higgs doublet at lower scales. Fits to the extrapolated values of masses and
mixings have been carried out at µ = 1013 − 1015 GeV in [11, 12, 13, 24] and in a number of
other models. Also since the extrapolation is to be done to a scale which is only ∼ 1− 2 order
larger than the electro-weak scale, the numerical results are expected to be similar to the HLM
fit with small differences. In any case for studying grand unification and capturing new signals
for low-scale physics, no numerical inputs from fits to fermion masses and mixings are needed
either from the HLM model [10] or from its possible type with (1 − 10) TeV S4 symmetry
breaking scale.
In what follows for the purpose of embedding the HLM type model in SO(10) × Gf we will
assume that G213 × S4 symmetry breaks to SM softly or spontaneously at µ = MS ∼ (1− 10)
TeV leading to the SM with only the standard Higgs doublet below the TeV scale.
3 Unification through single-step breaking and matter
parity conservation
While implementing coupling unification, another purpose of the present work is to identify
particles with ∼ TeV scale masses as signals of grand unification which may be cold dark
matter (CDM) candidates of the universe [19, 18, 20] or other nonstandard particles accessible
to collider searches. The origin of discrete symmetry existing in SM × S4 model or in the SM
itself which ensures DM stability is discussed below.
3.1 Matter parity conservation in SO(10)×Gf breaking
It has been known for quite some time that matter parity is a discrete symmetry of the standard
model [25],
PM = (−1)3(B−L),
5
where B(L) is the baryon(lepton) number. (B − L) is an element of gauge transformation
in SO(10) and it is the 15th generator of Pati-Salam color-gauge group SU(4)C . Also when
SO(10) → SU(5) × U(1)χ → SM , χ = 4T3R + 3(B − L) and since 4T3R is always even,
the χ-parity , Pχ = (−1)χ = PM . Matter parity survives as a discrete symmetry provided the
symmetry breaking of SO(10) to the SM undergoes through Higgs scalars carrying even (B−L)
which explains tiny left-handed (LH) neutrino masses through type-I seesaw mechanism. The
survival of matter parity as a discrete symmetry in the SM also follows from general arguments
for even B−L [26, 27]. The vacuum expectation value (VEV) of the right-handed (RH) Higgs
triplet carrying (B-L)= -2 is contained in (126H , 1) of SO(10) × Gf . This has been utilized
in one-step or two-step breaking models discussed throughout this work to ensure survival of
matter parity. In SO(10), for dimension of representations ≤ 210, while the representation 16
and 144 have odd PM , the matter parity of representations 10, 45, 54, 120, 126, 126 , and 210 is
even. Utilizing this property and, as necessary requirement of gauge coupling unification, non-
standard Higgs scalars (singlet and neutral component of weak doublet) in 16H [18] or neutral
component of non-standard weak triplet fermion contained in 45F [20] have been identified
as possible DM candidates. While a fermionic color-octet has been also found necessary for
coupling unification in [20], it can never be directly observed at accelerator energies because the
predicted value of its mass is large (7× 1010 GeV). In contrast, while searching for completion
of grand unification in the presence of flavor symmetry, it will be shown in this work that both
the triplet DM and the color-octet fermion with ∼ TeV scale masses are signaled by grand
unification and, as such, both are accessible to the ongoing or planned accelerator searches.
3.2 Absence of unification in the minimal model
In this section we search for gauge coupling unification of the HLM type model with six elec-
troweak doublets belonging to the S4 representations (31 + 2 + 11). We assume the symmetry
G213 × S4 to be restored at µ =MS ∼ (1−10) TeV and, thereafter, to continue till SO(10)×Gf
symmetry takes over at the GUT scale µ = MU >
∼
1015 GeV with no intermediate gauge sym-
metry. Between the scales MZ and MS, the standard model symmetry with one Higgs doublet
is assumed to operate. For this Model I we consider
SO(10)×Gf MU G213 × S4 MS G213. (1)
where we give GUT-scale vacuum expectation values (VEVs) to the relevant components of
Higgs representations (54H , 1) ⊕ (45H, 1) ⊕ (126H , 1) under SO(10) × Gf in the first step of
symmetry breaking. The second and subsequent steps proceed in a similar manner as explained
in [10]. For the evolution of gauge couplings we utilize the two-loop renormalization group
equations [28, 29],
dαi
dt
=
ai
2pi
α2i +
∑
j
bij
8pi2
α2iαj. (2)
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In our notation ai (i = 1, 2, 3) denote one-loop beta function coefficients for the fine-structure
constants of U(1)Y , SU(2)L and SU(3)C , respectively, and bij , (i, j = 1, 2, 3) denote the corre-
sponding two-loop coefficients as elements of a 3× 3 matrix. Noting that ai = (41/10,−19/6,
−7) for the SM with one doublet, but ai = (23/5,−7/3,−7) in the G213 × S4 model with six
doublets, we have used the Particle-Data-Group values[30] of sin2 θW (MZ) = 0.23116±0.00013
and α−1(MZ) = 127.9. In order to make the point more convincing on whether unification is
taking place in the minimal model, we have chosen 3σ deviation from the global average of the
strong interaction coupling, αS(MZ) = 0.1184± 0.0007, so that, statistically, our result would
be valid at 99.7% confidence level. The evolutions of the three gauge coupling-constants from
µ = MZ to µ = MPlanck is shown in Fig. 1 where the widths of electroweak lines are at 1σ but
the width of strong-interaction coupling is at 3σ.
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Figure 1: RG evolutions of three gauge couplings of the standard model from µ = MZ to
µ = MPlanck with MS ≃ 1 TeV where αS(MZ) has been used with 3σ uncertainty and others
with 1σ uncertainty. The inset in the figure shows the presence of the triangular region at the
high scale where the two dot-dashed parallel lines represent the 3σ boundaries of α−1S (MZ).
When the S4 spontaneous breaking scale is changed from MS = 1TeV to 10 TeV there is no
significant change of the triangular region. In particular when this scale becomes large with
MS ≃ 1014 GeV, the triangular structure of the minimal non-SUSY SM appears exhibiting the
well known deconstructed unification. Although the size of the triangle appears to be smaller
when the 3σ error bar in αS(MZ) is taken into account, the non-overlapping region is prominent
to show that the inverse fine structure constants cross at three different points. Evidently there
is no possibility of gauge coupling unification with the minimal particle content of the G213×S4
model.
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3.3 Unification with fermionic triplet dark matter and color-octet
fermion
It has been shown in a number of investigations in the absence of flavor symmetry in super-
symmetric as well as non-supersymmetric models, with or without intermediate symmetry, that
grand unification of gauge couplings atMU ≥ 1015 GeV is achieved provided there are additional
particle degrees of freedom (scalars or fermions ) at lower scales [18, 20, 31, 32, 33, 34, 35, 36, 23].
The light scalars needed for completion of grand unification require additional fine tuning and
the criteria of minimal fine tuning [37] are to be relaxed. As we are discussing unification along
with flavor group through SO(10)×Gf , there is also the possibility that a single additional fine
tuning that would have made one submultiplet of a GUT-representation light without flavor
symmetry, would now make a n-tuple of Gf light. On the other hand if unification is achieved
with non-standard light fermions, there may be a global U(1) symmetry to protect their masses
and the fine-tuning may not be so unnatural. Although finally we achieve unification with light
fermions only, we start with light scalars.
Using one-loop and two-loop coefficients in different mass ranges we find unification is possible
with a pair of color-octet scalars 2C(1, 0, 8), and a pair of weak triplet scalars 2σ(3, 0, 1), with
both the masses near the TeV scale and a GUT scale suitable to guarantee observed proton
stability 1
MS = 10
2.5 GeV, MX =Mσ(3, 0, 1) = 10
3 GeV,
MC(1, 0, 8) = 10
3.5 GeV, MU = 10
16 GeV, 1/αG = 35.3. (3)
For this model almost exact unification of the three gauge couplings is shown Fig.2.
In this Model I, the pairs of Higgs scalars 2C(1, 0, 8) and 2σ(3, 0, 1) can be embedded into
(210H , 2), or (45H , 2) under SO(10)×S4, or into the representation (24H , 2) under SU(5)×S4.
Purely from the requirement of coupling unification, this leads to an interesting possibility of
replacing each pair by the corresponding fermions, Fσ(3, 0, 1) and FC(1, 0, 8) at the same scale.
The simple reason for this possible replacement is that the one-loop beta function coefficient
remains the same as the scalar case leading to almost the same pattern of unification as in
Fig.2. The fermionic weak-triplet at the TeV scale which is a color singlet and has hypercharge
Y=0 can be identified as a dark matter candidate if it does not have Yukawa interaction with
standard model particles.
These results arrived through numerical analyzes have a simple analytic derivation. Analyzed
in a straight-forward manner, the above results turn out to be automatic predictions of the
G213 × S4 model with six doublets. The proof proceeds through the following steps. The
1We have checked that solutions to coupling unification obtained in all cases discussed in this paper can
also be obtained if the S4 symmetry breaking scale is larger, 1-10 TeV, needed to avoid more than one Higgs
doublets at lower scales, suppress FCNC effects and Higgs search prospects at Tevatron and LHC.
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Figure 2: Unification of gauge couplings in single-step breaking Model-I with scalars 2σ(3, 0, 1)
and 2C(1, 0, 8) at Mσ ≃ 1 TeV and MC ≃ 3 TeV, respectively. The unification pattern is
unchanged when all the four scalars are replaced by fermions Fσ(3, 0, 1) and FC(1, 0, 8) at the
respective scales.
first observation is that, with respect to one-loop contributions to gauge couplings, the six
doublets are equivalent to two Higgs doublets and their superpartners of the MSSM. The
second observation is the well known fact that the scalar superpartners of quarks and leptons
do not determine the MSSM GUT scale although they contribute to the value of the GUT
gauge coupling. Using these two observations, it immediately follows that there are only the
following nontrivial degrees of freedom missing from the low-mass non-SUSY spectrum to match
the MSSM spectrum sans squarks and sleptons: the octet fermion and the triplet fermionic
DM. When these degrees of freedom are included in the non-SUSY model near the TeV scale,
it predicts grand unification of gauge couplings with the non-SUSY GUT scale identical to
the MSSM-GUT scale(≃ 1016 GeV)[38]. Both the GUT scale and the predicted low-mass
particles are specific to this non-SUSY six-Higgs doublet model which have been also obtained
by independent numerical analyzes stated above.
Noting that the quantum numbers of the weak-triplet and the color octet match the corre-
sponding components of the adjoint representation, we suggest that these fermions are lighter
components of the non-standard fermionic representations (45F , 1) ⊂ SO(10)×S4. As this rep-
resentation has even matter parity, it does not couple to standard model fermions or the Higgs
scalar directly, although there could be matter-parity conserving non-standard Yukawa inter-
action which has been discussed in Sec.4 in some model extensions. Even in the SO(10) theory
itself 45F does not have usual Yukawa interaction with standard fermions in 16F through SM
Higgs doublets which might originate from 10H , 126H , and 120H or their linear combinations.
It is worthwhile to compare fermionic signals of grand unification between the conventional
SO(10) [20] and the present model. In the SO(10) model in addition to the triplet fermionic
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dark matter near the TeV scale, a color-octet fermion with mass 7× 1010 GeV was also needed
to complete grand unification. Because of the high mass it appears impossible to testify the
presence of such a fermion at accelerator energies. In the present model , apart from components
of additional Higgs doublets with masses ∼ few TeV - 10 TeV, which are natural ingredients of
the model, completion of grand unification predicts both the triplet fermionic dark matter as
well as the color-octet fermion with ∼ TeV scale masses; as such they are subject to verification
at accelerator energies. In Sec.4 we will discuss some phenomenological consequences of these
light fermions while we derive their TeV scale masses using renormalizable Yukawa Lagrangian
of (45F , 1) ⊂ SO(10)×Gf .
Neutrino masses and mixings being governed by the type-I see-saw mechanism, the RH neutrino
mass matrix is proportional to a diagonal matrix. As (126H , 1) generates the RH neutrino mass
via its coupling f 16f 16f 126H , and the vacuum expectation value < 126H >∼ MGUT , it is
necessary that the Majorana type Yukawa coupling f ≃ 10−3 in Model I. In the next subsection
we estimate proton lifetime predictions in this model by including uncertainties due to GUT-
threshold as well as low-scale threshold effects [39, 40, 41, 42] in order to have an approximate
idea of the allowed range for experimental accessibility.
3.4 Predictions on proton lifetime
In SU(5) model the d = 6 proton decay operator emerges from 12 superheavy gauge bosons
contained in (2,−5
3
, 3)⊕(2, 5
3
, 3) under G213. In SO(10) the superheavy gauge bosons transform
simultaneously as LH and RH doublets and are contained in the (2, 2, 6) multiplet under Pati-
Salam group G224. Up to a good approximation, the decay width for p → e+pi0 in all models
investigated in this work can be written as [35, 43, 23]
Γ(p→ e+pi0) = mp
64pif 2pi
(
gG
4
MU
4 )AL
2α¯H
2(1 +D + F )2[(A2SR + A
2
SL)
× (1 + |Vud|2)2] (4)
In eq.(4)MU represents degenerate mass of 24 superheavy gauge bosons and gG is their coupling
to quarks and leptons (αG = g
2
G/4pi) at the GUT scale µ = MU . Here α¯H= hadronic matrix
elements, mp=proton mass=938.3 MeV, fpi=pion decay constant =139 MeV, and the chiral
Lagrangian parameters are D=0.81 and F=0.47. Vud represents the CKM- matrix element
(VCKM)12 for quark mixings.
The dimension 6 operator when evolved down to the GeV scale, short-distance renormalization
factor from µ = MU −MZ turns out to be ASL ≃ ASR ≃ ASD ≃ 2.566 for Model I and the
long distance renormalization factor is AL ≃ 1.25. These are estimated using values of gauge
couplings in the relevant mass ranges, the anomalous dimensions and the one-loop beta-function
coefficients [44]. Using AR = ALASD ≃ 3.20, Fq = 2(1 + |Vud|2)2 ≃ 7.6, we express inverse
decay width for p→ e+pi0 as
10
Γ−1(p→ e+pi0) = 1.01× 1034yrs.
[
0.012 GeV3
αH
]2 [
3.2
AR
]2
×
[
1/35.3
αG
]2 [
7.6
Fq
] [
MU
4.659× 1015
]4
. (5)
where we have used αH = α¯H(1+D+F ) ≃ 0.012 GeV3 from recent lattice theory estimations[45].
Using the two-loop estimations of Model I with MU =M
0
U = 10
16 GeV in eq.(5) gives
τ 0p = 2.48× 1035 yrs. (6)
which is nearly 25 times longer than the current experimental limit, but accessible to measure-
ments by next generation proton decay searches.
3.5 Threshold effects
We have found that completion of grand unification requires a pair of weak-triplet scalars
and a pair of color-octet scalars with masses near the TeV scale which could be members of
S4-doublets. Alternatively, the same unification is completed by fermionic weak-triplet as a
prospective DM candidate and a fermionic color-octet, both with ∼TeV scale masses. The ori-
gin of these additional low-mass scalars may be attributed to the adjoint representations (45H , 2)
, or equivalently, the low-mass fermions may originate from (45F , 1) under SO(10)× Gf . Al-
though the representations 54F,H or 210F,H may be chosen instead of 45F,H , we prefer to choose
the the smallest representation among the three. We find that contributions of superheavy
components of (45F,H) towards GUT-threshold correction on unification mass vanishes and its
possible reason has been explained [46] . Including the GUT-threshold effects of non-degenerate2
superheavy components in 126H and 6(10H), and low-scale MS− threshold effects due to six
light Higgs doublets treated as degenerate, the maximal uncertainties on the unification mass
and proton lifetime are [39, 40, 41],
MU
M0U
= 10±0.0465|η|±0.031|η
′|,
(7)
where η = ln(MSH/MU), MSH being the scale of superheavy masses lighter or heavier than the
GUT-scale. It characterizes splitting of masses around MU . Here η
′ = ln(MD/MS), MD being
2This non-degeneracy is not the same as in the conventional sense. In this and all other models, we have
assumed that all superheavy sub-multiplets belonging to any particular GUT representation are degenerate in
mass whereas there could be non-degeneracy among masses assigned to different GUT representations.
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the common mass of degenerate doublets aroundMS− threshold. We have noted that maximal
contribution to uncertainty due to MS− threshold occurs when the doublets are degenerate.
Using eq.(6) and eq.(7), we find that even for non-degenerate superheavy component masses
10( 1
10
) times heavier(lighter) than the GUT-scale corresponding to |η| = ln(10) and MS−
threshold parameter |η′| = ln(5), the predicted proton lifetime is
τp = 10
35.245∓0.428±0.2 yrs, (8)
which is in the accessible range of planned searches [8].
4 Masses of non-standard fermions and phenomenology
We have noted that a weak triplet fermion Fσ(3, 0, 1) and a color-octet fermion FC(1, 0, 8) with
∼ TeV scale masses are predicted by flavor-symmetric grand unification in single-step breaking
Model I . The presence of such low mass fermions may not be as unnatural since, in the limiting
case of their vanishing masses, they may be protected by corresponding U(1) global symmetry.
In this section, using SO(10)×Gf theory, we show how they can be light and briefly discuss their
phenomenology . We introduce the adjoint fermion representation AF = (45F , 1) and the Higgs
representations E(54H , 1) and Φ(210H , 1) under SO(10)×Gf and consider the renormalizable
Yukawa Lagrangian at the GUT scale,
− LY uk = AF (mA + hpΦ + heE)AF .
with mA ≃ MU . While E has only one singlet, Φ has three singlets Φi(i = 1, 2, 3) under
SM. When GUT-scale VEVs are assigned to E and Φ along these directions ,besides the GUT
symmetry breaking, the fermion components in AF get masses [47],
m(1, 2/3, 3) = mA +
√
2hp
Φ2
3
− 2he< E >√
15
,
m(2, 1/6, 3) = mA + hp
Φ3
3
+ he
< E >
2
√
15
,
m(2,−5/6, 3) = mA − hpΦ3
3
+ he
< E >
2
√
15
,
m(1, 1, 1) = mA +
√
2hp
Φ1√
3
+
√
3he
< E >√
5
,
m(1, 0, 1) = mA +
√
2/3hpΦ1 +
√
3/5he < E >,
m′(1, 0, 1) = mA +
2
√
2
3
hpΦ2 − 2√
15
he < E >,
mFC (1, 0, 8) = mA −
√
2
3
hpΦ2 − 2√
15
he < E >,
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mFσ(3, 0, 1) = mA −
√
2
3
hpΦ1 +
√
3
5
he < E > .
It is clear that by tuning any two of the parameters while the weak triplet and color-octet
fermion masses, mFσ(1, 3, 0) and mFC (1, 0, 8), are brought to the ∼TeV scale, all other compo-
nents have masses near the GUT scale. These two fermions are analogous to wino and gluino of
split-SUSY models where the scalar superpartners have very large masses [48]. Although from
the minimality of the dimension of representation, we have chosen (45F , 1) as the possible origin
of the two light fermionic submultiplets, alternatively, (54F , 1) or (210F , 1) may be chosen with
similar derivation.
(i) Weak-triplet fermionic dark-matter
The decay of the heavier charged components F±σ to the lighter neutral component via weak-
gauge interaction leads to the mass difference mF±σ − mF 0σ = 166 MeV [19, 49]. Within 3σ
uncertainty of the WMAP data on relic density its mass has been estimated asmFσ = 2.75±0.15
TeV corresponding to the Sommerfeld resonance value at 2.5 TeV [19, 50]. In a more recent
analysis, taking into account the effect of kinetic decoupling, the Sommerfeld resonant value
has been found to be the same as the triplet mass mFσ ≃ 4.5 TeV [51].
Elastic scattering of DM off the nucleon occurs through the loop-mediated W-boson exchange
with and without the SM Higgs boson and leads to a suppressed spin-independent cross section
[19]. Although this cross section is 2−3 orders of magnitude lower than the current experimental
sensitivities, it is expected to be within the accessible range of planned experiments for direct
detection [52]. The large mass splitting between the charged and neutral components of the
triplet (≃ 166 MeV) compared to the proton-neutron mass difference or the DM kinetic energy
, kinematically forbids inelastic scattering.
For indirect detection, DM pair annihilation and resulting fluxes of photons, antiprotons, and
positrons, diffuse or from the center of Milky-Way galaxy, have been predicted [19, 50, 53, 51].
Because of the proximity of the highly nonrelativistic triplet mass to the Sommerfeld resonant
value, the DM-annihilations are boosted resulting in enhancement by a factor as large as ∼
O(100). The recent estimation withmFσ ≃ 4.5 TeV has explained the observed PAMELA excess
of positrons [54] boosted by Sommerfeld resonance effect. The anti-proton flux prediction agrees
well with the present measurement even up to energies ≤ 200 GeV [55]; but a clear trend of
this boosted flux is predicted in the region of 300 − 1000 GeV in which no experimental data
are yet available [51].
Experiments using atmospheric Cherenkov telescopes expect to observe monochromatic photons
with energy ≃ mFσ which originate from pair annihilation FσF¯σ → γγ [50, 53]. Observation of
such photons would determine the triplet mass but non-observation would rule out the triplet-
DM model. More recent analysis of first two years of Fermi Gamma Ray Space Telescope data
from galactic center have been found to fit a low mass DM particle in the range 7 − 10 GeV.
[56].
The 2.75 TeV triplet DM production rate for direct detection at colliders has been estimated
to be ∼ 10−45 cm2 which is accessible with improved accelerator energy and luminosity. With
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LHC luminosity of 100 fb−1, the pp → F+σ F−σ X cross section has been predicted to produce
only one DM pair [19]. On the other hand, if a hadronic collider is available with twice the LHC
energy, then it will have production cross section and produced number of DM pairs several
orders of magnitude larger. In e+e− collider with energy ≃ 5.5− 8 TeV, observation of F+σ F−σ
pair is possible through Z-exchange at tree level while F 0σ F¯
0
σ pair production is allowed at at
loop level. After production it may be easier to identify the charged component of the triplet
as it is predicted to leave long lived tracks corresponding to the estimated lifetime of ≃ 5.5 cm.
The alternative possibility with a large mass (4.5 TeV) for the triplet appears to cause problem
for direct production and detection at LHC energies. However, if the phenomenon of cold dark
matter originates from more than one components including the triplet, then the triplet mass
may be smaller and easier for collider signatures but at the cost of predictive power of the
model.
(ii) Color-octet fermion
In Model I, in addition to the fermionic weak-triplet, completion of gauge coupling unification
has been found to require the presence of color-octet fermion FC(1, 0, 8) or, equivalently, a pair
of color-octet scalars C(1, 0, 8) and we have suggested their possible origins from the adjoint
representations (45F , 1) or (45H , 2) of SO(10)×Gf . Here at first we discuss briefly the more
interesting case of the color-octet fermion. Consistent gauge coupling unification in Model I is
noted to be possible for rather a wider mass range of the color-octet fermionsmFC (1, 0, 8) = 500
GeV −10 TeV.
Being hadron colliders, both Tevatron and LHC are expected to show much higher rate of
production of color-octets compared to color-triplets because of larger Dynkin index. The
production of FC(1, 0, 8) at hadron collider would be in pairs via gluon-gluon fusion or through
qq¯′ annihilation in a manner similar to gluino pair production. In the leading order(LO) using
the parton level amplitudes for FCF¯C production in the non-SUSY case via quark-antiquark
annihilation or via gluon-gluon fusion [57], the parton level cross sections are,
σˆ(qq¯′ → FC F¯C) = 8piα
2
S
9sˆ
[(1 + κ/2)(1− κ)1/2],
σˆ(gg → FC F¯C) = 9piα
2
S
32sˆ
[(8 + 4κ+ 2κ2) ln
1 + (1− κ)1/2
1− (1− κ)1/2 −
2
3
(16 + 17κ)(1− κ)1/2]. (9)
where sˆ = partonic c.m. energy squared and κ = 4m2FC/sˆ ≤ 1.
Using CTEQ6 parton density distribution function [58] and integrating , we obtain the total
pair production cross section σ(pb) at LHC energy of
√
s = 14 TeV and the number(N) of
FCF¯C pairs produced for different values of color-octet fermion masses,
σ(pb) = 0.9, 1.0× 10−2, 1.5× 10−4, 2.5× 10−5,
N = 9× 104, 1× 103, 15, 2.5,
14
mFC (TeV) = 1.0, 2.0, 3.0, 3.5.
(10)
where we have used the beam luminosity of 100 fb−1. These cross sections are nearly 10 times
larger than the heavy-quark pair production cross section. It is clear that even though the
cross section decreases rapidly with increasing fermion mass, the number of pairs produced are
9× 104(1000) even for mFC ≃ 1(2) TeV.
Even though the pair production cross section of non-SUSY color-octet fermions is large, un-
like gluinos[59], their decays would be suppressed in the present minimal Model I. This is
because (45F , 1) does not have renormalizable Yukawa type interaction with fermions or Higgs
doublets of G213 × S4 model. Also there are no analogue of superpartners in this non-SUSY
model. Having its origin in the adjoint representation, being neutral under SU(2)L × U(1)Y ,
and in the absence of Yukawa interaction, the color-octet fermion interacts with quarks at
the tree level only via gluon exchange by which it can hadronize. However, the color-octet
fermions may decay into standard model fermions and one of the light members of (45F , 1)
via higher-dimensional-operator-mediated effective interactions whose strength depends upon
possible presence of scalars with high masses giving rise to the operator in some minimally
extended models. With appropriately longer lifetime, the produced color-octet fermions may
decay outside the detector or with displaced vertices, or some of them may be even stopped in
the detector. Even if no superpartners are present, they may also form some states, analogous
to R-hadrons[48, 60, 61]. These possibilities would be explored separately and an extended
model may mimic split- SUSY model [48] to some extent with more interesting collider signa-
tures driven by color-octet fermions. It is clear that at the highest LHC energy and a 100 fb−1
luminosity, detection of color-octet pair production would be possible at least up to the particle
mass ∼ 3500 GeV.
One of the major goals of LHC and Tevatron is to resolve the issue of supersymmetry through
collider signatures of superpartners and definite answers in this respect are expected in the next
few years. In the context of the present flavor symmetric grand unified Model I even without
inclusion of additional GUT representations, collider signature of the color-octet fermion would
be large production cross section and absence of superpartners.
Two important issues related to the ∼TeV mass color-octet fermions are their lifetime and
relic abundance. Both these are dependent upon the mass Mmed. of the scalar mediators
contained in 16H ⊂ SO(10) generating the effective four-fermion interactions via matter-parity
conserving Yukawa interaction, Y 45F16F16H where S4 quantum numbers have been suppressed
and our models have now been minimally extended to to include the Higgs representation
(16H , 3) ⊂ SO(10)× S4. An approximate formula for the color-octet fermion lifetime is,
τFC = 3× 10−2sec
(
Mmed.
109GeV
)4(
1TeV
mFC
)5
(11)
Normally Mmed. is expected to be near the GUT-scale or few-orders lighter as in Model I,
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although in Model II it can be even lighter. However, we note that the SU(5)-complete
multiplets like 10H or 5H contained in 16H ⊂ SO(10) can be made light with any value of
Mmed. ≃ 104 GeV -1016 GeV without affecting coupling unification and the GUT-scale (∼ 1016
GeV) already achieved in Model I. For example cosmologically safe short-lived color octets
with life-times 10−20secs(3 × 10−2secs) can be easily obtained in the minimal extension of the
single-step breaking model with Mmed. = 10
4GeV (109 GeV) which will be discussed elsewhere
while examining collider signatures. Although introduction of these scalar mediators do not
affect the value of the GUT-scale in the single-step breaking model, they would tend to increase
the value of the GUT-gauge coupling by a small amount with a correspondingly small decrease
in the predicted proton-lifetime by a factor ∼ (35.3α′G)2 where α′G is the GUT-fine structure
constant including the lighter scalar mediators as would be applicable.
For a very long-lived octet fermions with lifetime comparable to the age of the universe, or
even larger, corresponding to scalar mediator masses in the range 1013 GeV - 1016 GeV, ex-
tensive investigations have been made to overcome their relic density problem. Perturbatively
generated larger relic density of these color-octet fermions, which may contribute to hitherto
unobserved DM relic abundance [48, 62], is usually evaded by invoking second inflation at lower
scale [63]. A second possibility is the substantial reduction of the octet-fermion relic density by
rapid pair-annihilations that continue to temperatures much lower than the freeze-out through
various nonperturbative mechanisms accompanied by Sommerfeld enhancements of the anni-
hilation cross sections. The general conclusions are that until and unless the second inflation
hypotheses are ruled out or the nonperturbative mechanisms are proved untenable, long lived
octet fermions in the mass range 1−10 TeV can be treated cosmologically safe and harmless [60].
Although Tevatron has reached the lower limit mg˜ ≥ 370 GeV for stopped gluinos, [64], where
interaction with squarks plays significant roles, no such limit is available for non-supersymmetric
color-octet fermions. Similarly, for the conventional gluinos of the constrained MSSM, CMS
collaboration has set the lower bound on gluino mass mg˜ ≥ 650 GeV [65] while ATLAS collab-
oration has set the lower bound of 870 GeV [66], but no such high mass limit is yet available
for the color-octet fermion of the non-SUSY models. Very recently a conservative lower bound
on the search limit of color- octet fermion mass at mFC ≥ 50 GeV has been set for LHC en-
ergy
√
s = 7 TeV [67]. Interesting suggestions have been advanced for detection of long-lived
stopped gluinos with displaced vertices many of which are applicable to the case of color-octet
fermions discussed in this work [61].
Pair production of color-octet scalars either through qq¯ annihilation or through gluon-gluon
fusion at Tevatron have been discussed leading to the production cross section of nearly 100 fb
and 7 fb for the scalar masses 250 GeV and 350 GeV , respectively. Even though the production
cross section of the color-octet scalars indicated in the present models are similar, being placed
in (45H , 2), or (54H , 2), or (210H , 2) under SO(10) × S4, , their interactions are somewhat
different from those discussed in the literature[32, 68, 69].
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5 Unification with intermediate symmetry
In the absence of flavor symmetry, whereas the single-step breaking minimal grand desert
models have been ruled out, GUTs such as SO(10) with one or more intermediate symmetries
have been found to be consistent with sin2 θW and proton-lifetime constraints [42, 70, 71, 72].
In addition, the left-right symmetry breaking intermediate scale has been identified with type-I
see-saw scale in a number of models [42, 72]. In this section using flavor unification through
SO(10)× Gf at first we explore the possibility of intermediate Pati-Salam gauge theory with
unbroken D-Parity [70, 72] and then summarize briefly the outcome of other intermediate
symmetries.
5.1 Intermediate symmetry SU(2)L × SU(2)R × SU(4)C(g2L = g2R)× S4
We consider the symmetry breaking chain
SO(10)× S4MU G224D × S4MR G213 × S4. (12)
where we have used the notation G224D for SU(2)L × SU(2)R × SU(4)C(g2L = g2R). This
symmetry has the advantage that, in the presence of D-parity, exact results on vanishing cor-
rections on sin2 θW and intermediate scale (MR) lead to the stability of MR [72] once it is fixed
by the lower scale parameters in spite of apprehension that uncertainties on intermediate scale
prediction could be large [73]. Also unlike other gauge theories, G224D has only two gauge cou-
plings which eliminates uncertainties in unification that would have otherwise arisen because of
the presence of a triangular region around the GUT scale as is common to three gauge coupling
models. The first step of breaking is driven assigning GUT-scale VEV to the G224- singlet in
(54H , 1) ⊂ SO(10)×Gf and the second step is implemented through (126H , 1)⊕ (45H , 1) under
SO(10) × Gf and the rest are as in Model I. Successful unification of couplings with proton
stability and right value of the see-saw scale is possible if this Model II has any one of the three
combinations of particles with masses ∼ TeV: (i) a color-octet scalar, (ii) a color-octet scalar
and the fermionic triplet DM, (iii) a color-octet fermion and the fermionic triplet DM. The
mass parameters and the GUT-coupling in the first case are,
Model II
MS = 10
2.5 GeV, MX = MC(1, 0, 8) = 10
2.7 GeV,
M0R =MC′(1, 1, 15) = 10
14.15 GeV, M0U = 10
15.6 GeV, α−1G = 37.2. (13)
The RG evaluation and unification of couplings are shown in Fig.3. For the cases (ii) and (iii)
the pattern of unification is similar but with different values of unification and intermediate
scales: case (ii) M0R = 10
14.6 GeV, M0U = 10
15 GeV, α−1G = 37.1; case (iii)M
0
R = 10
15.35 GeV,
M0U = 10
16.9 GeV, α−1G = 34.6;
Like Model I, AR ≃ 2.347 in Model II in Case (i). Since the proton lifetime predicted is only a
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Figure 3: Unification of gauge couplings with G224D × S4 intermediate symmetry shown for
Model II, Case (i) with a S4- singlet color-octet scalar C(1, 0, 8) at MC ≃ 500 GeV described
in the text.The unification patterns in Cases (ii) and (iii) including triplet fermionic DM and
color-octet fermion or scalar is similar but with different values intermediate and GUT scales.
little shorter than the experimental lower bound ,
τ 0p ≃ 10−0.3 × (τp)expt. (14)
it can be easily compensated by small threshold effects. We have checked that theMS−threshold
effects on the unification mass and proton lifetime due to six light scalar doublets vanish. GUT-
threshold effect evaluated including all relevant superheavy scalar components in
(54H , 1), (45H , 1), (126H , 1),
and (10H , 31 + 2 + 1) under SO(10)×Gf in the non-degenerate case is,
MU
M0U
= 10±0.2004|η|.
(15)
Even if the superheavy components are 10( 1
10
) times heavier (lighter) than the GUT scale, the
threshold effect gives,
τp = 10
34.0+1.54
−2.14 yrs. (16)
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where we have used eq.(13)-eq.(14). Clearly, this prediction is accessible to ongoing and planned
searches for the decay mode p → e+pi0. Whereas in Model I the Majorana fermion Yukawa
coupling f has to be fine tuned by 2 − 3 orders to get the desired heavy RH neutrino mass
for the type-I see-saw scale, here we require f ∼ 0.1. The light color-octet Higgs scalar with
mass MC(1, 0, 8) ≃ 500 GeV - few TeV is also accessible for detection at LHC , ILC or other
accelerator searches with expectations for remarkable signatures [68, 69].
We find that when a triplet fermionic DM is used along with the complex color-octet scalar
as in Case (ii) , exact unification scale is obtained for MU ≃ 1015 GeV. The deficit in proton
lifetime prediction by a factor 10−2.7 below the experimental limit can be easily compensated
by GUT-scale threshold effects and somewhat larger splitting with superheavy masses with
∼ 20(1/20) times heavier(lighter) than the GUT scale. However, when both the color-octet
fermion FC(1, 0, 8) and the triplet DM are utilized having TeV scale masses as in Case (iii), the
unification scale rises to (≃ 1016.9 GeV) and the GUT-scenario accommodates the triplet DM
with a much more stable proton. Thus, like the single-step breaking case of Model I, with Pati-
Salam intermediate symmetry too, unification is realizable with low-mass fermions alone apart
from other possibilities. The derivation of light fermion masses from renormalizable Yukawa
interaction are carried out in a manner similar to Model I with suitable GUT representations.
5.2 Other intermediate symmetries
In this section we briefly state our results obtained using other intermediate symmetries like
G224 × S4(g2L 6= g2R) and SU(2)L × SU(2)R × U(1)B−L × SU(3)C × S4(g2L = g2R)(≡ G2213D).
With G224 × S4 intermediate symmetry and a light color-octet scalar of mass MC = 500 GeV,
we have observed excellent one-loop unification of couplings at M0U = 10
15.7 GeV predicting
τp ≃ 1.4× 1034 yrs. subject to threshold uncertainties. But the intermediate scale turns out to
be smaller by a factor (300)−1 than the desired value of the see-saw scale [10]. There has been
a recent suggestion to accommodate neutrino masses and mixings with such lower seesaw scale
[74]
With G2213D × S4 intermediate symmetry, without using any additional low mass particles
beyond the minimal requirement of six doublets of the HLM type model, although we achieve
excellent unification with right value of MR, the unification scale is found to be nearly 2 orders
smaller than the lower bound imposed by the proton decay constraint. The other alternative
for this model may be that, instead of being embedded in SO(10)× S4, it could emerge from
a high scale trinification model like SU(3)3×S4. Other interesting possibilities through flavor-
symmetric SO(10)×Gf will be investigated elsewhere.
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6 Summary and Conclusion
In the absence of experimental evidences of supersymmetry, in this work we have attempted
to implement manifest unification of gauge couplings in the HLM type model with G213 × S4
symmetry restoration at ∼ (1 − 10) TeV through the unifying symmetry SO(10)× Gf where
Gf = S4, SO(3)f , SU(3)f . Under the experimental lower bound on proton lifetime and the
type-I seesaw scale constraint, we have carried out completion of grand unification successfully
in two classes of models: Model I with single-step breaking and Model II with Pati-Salam
intermediate symmetry.
A special distinguishing feature of the non-SUSY G213×S4 model with six doublets at low scales
is that it predicts the the color-octet fermion and the triplet fermionic DM as the non-trivial
degrees of freedom missing from MSSM equivalents sans squarks and sleptons. As a result
when these fields are switched on at the TeV scale, the model automatically predicts grand
unification of gauge couplings with a non-SUSY GUT scale identical to the MSSM GUT scale
(∼ 1016 GeV).
Compared to the conventional SO(10) prediction where the required color-octet fermion has
been found to possess a very large mass, 7×1010 GeV, which can not be accessed by accelerator
searches, in the present model of flavor-symmetric SO(10) × Gf , the GUT-signals of both
types of exotic fermions are subject to experimental tests at accelerator energies. Both these
fermions belonging to the adjoint representation are shown to be light due to suitable values of
the renormalizable Yukawa Lagrangian parameters. Phenomenology of light fermions is briefly
outlined. Proton lifetime predictions are found to be accessible to ongoing or planned searches
for p → e+pi0. In two-step breaking model with Pati-Salam intermediate symmetry, several
possibilities are pointed out also with experimentally accessible proton-lifetime predictions.
Current phenomenological investigations suggest the triplet DM mass in the range 2.75 TeV -
4.5 TeV with the predicted positron excess and absence of anti-proton excess in agreement with
indirect DM search experiments especially when the mass is on the higher side. The color-octet
fermion pair production cross section and event rate are about one order larger than the heavy
quark pair production case. These characteristics and absence of superpartners at LHC energies
would point towards the existence of color-octet fermions. With color-octet fermion and the
fermionic weak triplet DM masses being permitted near ∼ 1− 5 TeV, more interesting collider
signatures are expected in the context of flavored grand unification which will be investigated
separately.
In conclusion, we find that flavor symmetric standard gauge theory can be successfully embed-
ded in SO(10)×Gf theory of femion masses and unification of three forces with experimentally
testable grand unification signals for observable proton decay and interesting collider signatures
like weak-triplet DM as well as the color-octet fermion.
20
Acknowledgment
The authors acknowledge useful discussions with K. S. Babu. M.K.P. thanks Harish-Chandra
Research Institute, Allahabad for a visiting position and Institute of Physics, Bhubaneswar for
facilities.
References
[1] J. C. Pati and A. Salam, Phys. Rev. Lett. 31, 661 (1973); Phys. Rev. D 10, 275 (1974).
[2] H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438 (1974) .
[3] H. Georgi, in Particles and Fields, edited by C.E. Carlson (American Institute of Physics,
New York, 1975); H. Fritzsch and P, Minkowski, Ann. Phys. (N.Y.) 93, 193 (1975).
[4] P. Langacker, Phys. Rept.72, 185 (1981); hep-ph/9210238; arXiv:hep-ph/9411247; J.
C. Pati, in Proceedings of the 7th Workshop in High Energy Physics Phenomenology
(WHEPP7), Allahabad, India, [Pramana J. Phys. 60, S291 (2003)]; Int. J. Mod. Phys. A
18, 4135 (2003); S. Raby, in Proceedings of the 10th Interantional Conference on Super-
symmetry and Unification of Fundamental Interactions (SUSY02), edited by P. Nath, P.
M. Zerwas, C. Grosche (DESY, Hamburg, 2002), 1, Vol 1, p.421; arXiv:hep-ph/0211024;
arXiv:hep-ph/0608183; R. N. Mohapatra, Prog. Theor. Phys. Suppl. 167, 16 (2007); B.
Dutta, Y. Mimura and R. N. Mohapatra, AIP Conf. Proc. No. 1015, (AIP, New York,
2008) p. 22.
[5] N. Sakai and T. Yanagida, Nucl. Phys. B 197, 533 (1982); S. Weinberg, Phys. Rev. D
26, 287 (1982).
[6] S. Dimopoulos, F. Wilczek, Report No. Print-81-0600 (unpublished); in Proceedings of the
19th International School of Subnuclear Physics: The Unity of Fundamental Interactions,
Erice, Italy, 1981, edited by A. Zichichi (Plenum, New York, 1983), p 237; M. Srednicki,
Nucl. Phys. B202, 327 (1982); K. S. Babu, S. M. Barr, Phys. Rev. D 48, 5354 (1993); D
50, 3529 (1994); Z. Chacko and R. N. Mohapatra, Phys. Rev. D 59, 011702; B. Dutta,
Y. Mimura and R. N. Mohapatra, Phys. Rev. Lett. 94, 091804 (2005); Phys. Rev. Lett.
100, 181801 (2008); R. N. Mohapatra, Phys. Lett. B 679, 382 (2009); K. S. Babu, J. C.
Pati, and Z. Tavartkiladze, J. High Energy Phys. 06 (2010) 084.
[7] H. Nishino et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 102, 141801
(2009).
[8] S. Raby et al., ”DUSEL, Theory White paper”, arXiv:0810.4551[hep-ph].
[9] G. Altarelli and F. Feruglio, Springer Tracts Mod. Phys. 190, 1 (2003); Nucl. Phys. B
741, 215 (2006); Nucl Phys. B 720, 64 (2005); E. Ma, Proceedings of WHEPP IX,
Pramana (J. Phys.) Proceedings Supplement 67, 803 (2006); arXiv:0709.0507 [hep-ph];
21
hep-ph/0701016; hep-ph/0610342; hep-ph/0607198; B. Adhikary, B. Brahmachari, A.
Ghosal, E. Ma, M. K. Parida, Phys. Lett. B 638 345 (2006); S. Morisi and M. Picariello,
Int. J. Theor. Phys. 45, 1267 (2006); F. Ferruglio, C. Hagedorn, Y. Lin and L. Merlo,
Nucl. Phys. B 775, 120 (2007); R. des Adelhart Toorop, F. Bazzocchi and L. Merlo,
JHEP 1008, 001 (2010), arXiv:1003.4502 [hep-ph]; S. Antush, S. F. King, M. Malinsky,
arXiv:0712.3759 [hep-ph]; arXiv:0708.1282 [hep-ph]; C. S. Lam, Phys. Rev. Lett. 101,
121602 (2008), arXiv:0804.2622 [hep-ph]; arXiv:1002.4176 [hep-ph]; M. Hirsch, S. Morisi,
E. Peinado and J. W. F. Valle, Phys. Rev. D 82, 116003 (2010); M. S. Boucenna, M.
Hirsch, S. Morisi, E. Peinado, M. Taoso and J. W. F. Valle, arXiv: 1101.2874 [hep-ph].
[10] C. Hagedorn, M. Lindner, and R. N. Mohapatra, J. High Energy Phys. 06 (2006) 042.
[11] D. G. Lee and R. N. Mohapatra, Phys. Lett.B 329, 463 (1994); R. N. Mohapatra,
M. K. Parida and G. Rajasekaran, Phys. Rev. D 69, 053007 (2004).
[12] M. K. Parida, Phys. Rev. D 78, 053004 (2008).
[13] Y. Cai and H. B. Yu, Phys. Rev. D 74, 115005 (2006).
[14] Z. G. Berezhiani and M. Y. Khlopov, Sov. J. Nucl. Phys. 51, 739 (1990) [Yad. Fiz. 51,
1157 (1990)]; Z. G. Berezhiani and M. Y. Khlopov, Sov. J. Nucl. Phys. 51, 935 (1990)
[Yad. Fiz. 51, 1479 (1990)]; R. Barbieri, L. J. Hall, S. Raby and A. Romanino, Nucl. Phys.
B 493, 3 (1997); M. C. Chen and K. T. Mahanthappa, Phys. Rev. D 62, 113007 (2000);
J. Ferrandis, hep-ph/0510051; Z. Berezhiani and A. Rossi, Nucl. Phys. B 594, 113 (2001);
S. Raby, Phys. Lett. B 561, 119 (2003);G. G. Ross and L. Velasco-Sevilla, Nucl. Phys.
B 653, 3 (2003); S. F. King and G. G. Ross, Phys. Lett. B5 74, 239 (2003); M. C. Chen
and K. T. Mahanthappa, Phys. Rev. D 70, 113013 (2004); G. G. Ross, L. Velasco-Sevilla
and O. Vives, Nucl. Phys. B 692, 50 (2004); I. de Medeiros Varzielas and G. G. Ross,
hep-ph/0507176; Z. Berezhiani and F. Nesti, hep-ph/0510011; G. L. Kane, S. F. King,
I. N. R. Peddie and L. Velasco-Sevilla, J. High Energy Phys. 0508 (2005) 083; I. de
Medeiros Varzielas, S. F. King, and G. G. Ross, Phys. Lett. B 648, 201 (2007).
[15] S. Pakvasa and H. Sugawara, Phys. Lett. B 73, 61 (1978); H. Harari, H. Haut and
J. Weyers, Phys. Lett. B 78, 459 (1978); E. Derman, Phys. Rev. D 19, 317 (1979);
S. Pakvasa and H. Sugawara, Phys. Lett. B 82, 105 (1979); E. Derman and H.-S. Tsao,
Phys. Rev. D 20, 1207 (1979); D. Wyler, Phys. Rev. D 19, 3369 (1979); E. Ma, Phys.
Rev. D 43, 2761 (1991); L. J. Hall and H. Murayama, Phys. Rev. Lett. 75, 3985 (1995);
E. Ma, Phys. Rev. D 61, 033012 (2000); E. Ma and G. Rajasekaran, Phys. Rev. D 64,
113012 (2001); J. Kubo, A. Mondragon, M. Mondragon and E. Rodriguez-Jauregui, Prog.
Theor. Phys. 109, 795 (2003) [Erratum-ibid. 114, 287 (2005)]; T. Kobayashi, J. Kubo
and H. Terao, Phys. Lett. B 568, 83 (2003); K. S. Babu, E. Ma and J. W. F. Valle,
Phys. Lett. B 552, 207 (2003); K. Y. Choi, Y. Kajiyama, Y. Kubo, and H. M. Lee,
Phys. Rev. D 70, 055004 (2004); S. L. Chen, M. Frigerio and E. Ma, Phys. Rev. D
70, 073008 (2004) [Erratum-ibid. D 70, 079905 (2004)]; W. Grimus and L. Lavoura, J.
High Energy Phys. 0508 (2005) 013; R. Dermisek and S. Raby, Phys. Lett. B 622, 327
(2005); F. Caravaglios and S. Morisi, hep-ph/0510321; N. Haba and K. Yoshioka, Nucl.
22
Phys. B 739 254 (2006); N. Haba, A. Watanabe, and K. Yoshioka, Phys. Rev. Lett. 97,
041601 (2006); H. Zhang, Phys. Lett. B 655, 132 (2007), [hep-ph/0612214]; A. Zee, Phys.
Lett. B 630, 58 (2005); K. S. Babu and X. G. He, arXiv:hep-ph/0507 217; X. G. He,
Y. Y. Keum and R. R. Volkas, hep-ph/0601001; K. S. Babu and Y. Meng,Phys. Rev. D
80, 075003 (2009); K. S. Babu, K. Kawasaki and J. Kubo, arXiv: 1103.1664[hep-ph].
[16] D. B. Kaplan and M. Schmaltz, Phys. Rev. D 49, 3741 (1994); C. D. Carone and
R. F. Lebed, Phys. Rev. D 60, 096002 (1999); W. Grimus and L. Lavoura, Phys. Lett. B
572, 189 (2003); G. Seidl, hep-ph/0301044; E. Ma, hep-ph/0409288; W. Grimus, A. S. Jo-
shipura, S. Kaneko, L. Lavoura and M. Tanimoto, J. High Energy Phys. 0407 (2004) 078;
T. Kobayashi, S. Raby and R. J. Zhang, Nucl. Phys. B 704, 3 (2005); S. L. Chen and
E. Ma, Phys. Lett. B 620, 151 (2005); E. Ma, Phys. Lett. B 632, 352 (2006).
[17] C. R. Das and M. K. Parida, Eur. Phys. J. C 20, 121 (2001).
[18] M. Kadastik, K. Kannike and M. Raidal, Phys. Rev. D 80, 085020 (2009); ibid. Phys.
Rev. D 81, 015002 (2010).
[19] M. Cirelli, N. Fornengo, and A. Strumia, Nucl. Phys. B 753, 178 (2006);
[20] M. Frigerio and T. Hambye, Phys. Rev. D 81 075002 (2010).
[21] P. Minkowski, Phys. lett. B 67 , 421 (1977); M. Gell-Mann, P. Ramond, and R. Slansky,
Supergravity (P. van Nieuwenhuizen et al. eds.), North Holland, Amsterdam, 1980, p. 315;
T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon
Number in the Universe (O. Sawada and A. Sugamoto, eds.), KEK, Tsukuba, Japan,
1979, p. 95; S. L. Glashow, The future of elementary particle physics, in Proceedings of
the 1979 Carge`se Summer Institute on Quarks and Leptons (M. Le´vy et al. eds.), Plenum
Press, New York, 1980, pp. 687; R. N. Mohapatra and G. Senjanovic´, Phys. Rev. Lett.
44, 912 (1980).
[22] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); G. Lazaridis, Q. Shafi
and C. Wetterich, Nucl. Phys. B 181, 287 (1981); R. N. Mohapatra and G. Senjanovic,
Phys. Rev. D 23, 165 (1981).
[23] M. K. Parida and A. Raychaudhuri, Phys.Rev. D 82, 093017 (2010), arXiv:1007.5085
[hep-ph].
[24] G. Altarelli and G. Bankenburg, J. High Energy Phys. 1103 (2011) 133.
[25] R. N. Mohapatra, Phys. Rev. D 34, 3457 (1986); C. S. Aulakh, A. Melfo, A. Rasin and
G. Senjanovic, Phys. Rev. D 58, 115007 (1998).
[26] L. M. Krauss and F. Wilczek, Phys. Rev. Lett. 62, 1221 (1989).
[27] S. P. Martin, Phys. Rev. D 46, R2769 (1992).
[28] H. Georgi, H. R. Quinn, and S. Weinberg, Phys. Rev. Lett. 33, 451 (1974).
23
[29] D. R. T. Jones, Phys. Rev. D 25, 581 (1982).
[30] K. Nakamura et al.(Particle Data Group), J. Phys. G 37, 075021 (2010).
[31] U. Amaldi, W. de Boer, P. H. Frampton, H. Furstenau and J. T. Liu, Phy. Lett. B 281,
374 (1992); H. Murayama and T. Yanagida, Tohoku University Report No. TU-370, 1991
(unpublished); F. Anselmo, L. Cifarelli, A. Peterman and A. Zichichi, Nuovo Cimento
A 104 , 1817 (1991); T. G. Rizzo, Phys. Rev. D 45, 3903 (1992); M. L. Kynshi, M. K.
Parida, Phys. Rev. D 47 , R4830 (1993); M. L. Kynshi, M. K. Parida, Phys. Rev. D 49,
3711 (1994).
[32] A. V. Manohar and M. B. Wise, Phys. Rev. D 74, 035009 (2006).
[33] G. Senjanovic, AIP Conf.Proc. 1200, 131 (2010), arXiv:0912.5375[hep-ph]; E. Ma, Phys.
Lett. B 625, 76 (2005); ibid. B 344, 164 (1995); E. Ma, Phys. Rev. D 51, 236 (1995); K.
S. Babu, I. Gogoladze, P. Nath, and R. M. Syed, Phys. Rev.D 74, 075004 (2006); B. Bajc
and G. Senjanovic, J. High Energy Phys. 08 (2007) 014; I. Dorsner and P. FileviezPerez,
J. High Energy Phys.06 (2007) 029; S. B. Gudnason, T. A. Ryttov and F. Sannino, Phys.
Rev. D 76, 015005 (2007).
[34] N. G. Deshpande, E. Keith and T. G. Rizzo, Phys. Rev. Lett. 70, 3189 (1993); D. G.
Lee and R. N. Mohapatra, Phys. Rev. D 52, 4125 (1995); M. Bando, J. Sato and T.
Takahashi, Phys. Rev. D 52, 3076 (1995); S. K. Majee, M. K. Parida, A. Raychaudhuri
and U. Sarkar, Phys. Rev. D 75, 075003 (2007); P. S. Bhupal Dev and R. N. Mohapatra,
Phys. Rev. D 81, 013001 (2010); ibid. D 82, 035014 (2010).
[35] P. Nath and P. F. Perez, Phys. Rep. 441, 191 (2007).
[36] P. FileviezPerez, H. Iminniyaz and G. Rodrigo, Phys. Rev. D 78, 015013 (2008).
[37] H. Georgi, Nucl. Phys. B 156, 126 (1979); F. del Aguila and L. Ibanez, Nucl. Phys. B
177, 60 (1981); R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 27, 1601 (1983).
[38] S. Dimopoulos, S. Raby and F. Wilczek, Phys. Rev. D 24, 1681 (1981); C. Giunti, C. W.
Kim, and U. W. Lee, Mod. Phys. Lett. A 6, 1745 (1991); U. Amaldi, W. de Boer and
H. Furstenau, Phys. Lett. B 260, 447 (1991); P. Langacker and M. x. Luo, Phys. Rev.
D 44, 817 (1991).
[39] S. Weinberg, Phys. Lett. B 91, 51 (1980); L. Hall, Nucl. Phys. B 178, 75 (1981).
[40] R. N. Mohapatra and M. K. Parida, Phys. Rev. D 47, 264 (1993); M. K. Parida, Phys.
Lett. B 196, 163 (1987); M. K. Parida and C. C. Hazra, Phys. Rev. D 40, 3074 (1989);
M. K. Parida, Proceedings of WHEPP III, Pramana (J. Phys.) Proceedings Supplement,
45, S209 (1995); M. Rani and M.K. Parida, Phys. Rev. D 49, 3704 (1994); M. K. Parida,
B. Purkayastha, C. R. Das and B. D. Cajee, Eur. Phys. J. C 28, 353 (2003); M. K.
Parida and B. D. Cajee, Eur. Phys. J. C 44, 447 (2005).
[41] P. Langacker and N. Polonsky, Phys. Rev. D 47, 4028 (1993).
24
[42] D. G. Lee, R. N. Mohapatra, M. K. Parida and M. Rani, Phys. Rev. D 51, 229 (1995).
[43] B. Bajc, I. Dorsner, and M. Nemevsek, J. High Energy Phys. 11 (2008) 007.
[44] A. J. Buras, J. Ellis, M. K. Gaillard, and D. V. Nanopoulos, Nucl. Phys. B 135, 66
(1978); T. J. Goldman and D. A. Ross, Nucl. Phys. B 171, 273 (1980); J. Ellis, D.V.
Nanopoulos and S. Rudaz, Nucl. Phys. B 202, 43 (1982); L. E. Ibanez and C. Munoz,
Nucl. Phys. B 245, 425 (1984).
[45] Y. Aoki , C. Dawson, J. Noaki, and A. Soni, Phys. Rev. D 75, 014507 (2007); Y. Aoki
et al , Phys. Rev. D 78, 054505 (2008).
[46] R. N. Mohapatra, Phys. Lett. B 285, 235 (1992).
[47] T. Fukuyama, A. Ilakovac, T. Kikuchi, S. Meljanac and N. Okada, J. Math. Phys. 46,
033505 (2005).
[48] N. Arkani-Hamed and S. Dimopoulos, J. High Energy Phys. 06, (2005) 073; A. Arvani-
taki, S. Dimopoulos, A. Pierce, S. Rajendran, and W. D. Walker, Phys. Rev.D76, 055007
(2007).
[49] H. C. Cheng, B. A. Dobrescu, and K. T. Marhev, Nucl. Phys. B543, 47 (1999); T.
Gherghetta, G. F. Giudice, and J. D. Wells, Nucl. Phys. B559, 27 (1999).
[50] J. Hisano, S. Matsumoto, M. M. Nojiri, and O. Saito, Phys. Rev. D 71,063528 (2005);
J. Hisano, S. Matsumoto, O. Saito and M. Senami, Phys. Rev. D 73, 055004 (2006); M.
Cirelli, A. Strumia and M. Tamburini, Nucl. Phys. B787, 152 (2007).
[51] S.Mohanty, S. Rao, and D. P. Roy, arXiv:1009.5058 [hep-ph].
[52] L. Aprile and L. Baudis (Xenon Collaboration), Proc. Sci. IDM2008 (2008)018
[arXiv:0902.4253], T. Bruch et al (CDM Collaboration), AIP Conf. Proc. 957, 193 (2007).
[53] M. Cirelli, R. Franceschini, and A. Strumia, Nucl. Phys. B 800, 204 (2008).
[54] O. Adriani et al. [PAMELA Collaboration], Nature 458, 607 (2009).
[55] O. Adriani et al., Phys. Rev. Lett. 102, 051101 (2009); O. Adriani et al., [PAMELA
Collaboration], arXiv: 1007.0821 [astro-ph.HE].
[56] D. Hooper and L. Goodenough, arXiv:1110.2752 [hep-ph].
[57] R. S. Chivukula, M. Golden and E. H. Simmons, Phys. Lett. B 257,403 (1991); R. S.
Chivukula, M. Golden and E. H. Simmons, Nucl. Phys, B 363, 83 (1991).
[58] J. Pumplin, D. Stump, J. Huston, H. L. Lai, P. M. Nadolsky and W. Tung, J. High
Energy Phys. 07 (2002) 012.
25
[59] W. Beenakker, R. Hopker, M. Spira and P. M. Zerwas, Nucl. Phys. B 492, 51 (1997);
A. Kulesza and L. Motyka, Phys. Rev. Lett. 102, 111802 (2009); W. Beenakker et al.,
arXiv:1001.3123 [hep-ph].
[60] H. Baer, K. Cheung and J. F. Gunion, Phys. Rev. D 59, 075002 (1999).
[61] G. R. Farrar, R. Mackenprang, D. Milstead and J. P. Roberts , arXiv:1011.2964 [hep-ph];
M. R. Buckley, B. Echenard, D. Kahawala, and L. Randall, arXiv:1008.2756 [hep-ph].
[62] R. N. Mohapatra and S. Nussinov, Phys. Rev. D 57, 1940 (1998).
[63] A. de Gouvea, A. Friedland, and H. Murayama, Phys. Rev. D 59, 095008 (1999).
[64] V. Khachatryan et al., Phys. Rev. Lett. 106, 011801 (2011).
[65] V. Khachatryan et al., CMS Collaboration, arXiv:1101.1628 [hep-ex].
[66] G. Aad et al., ATLAS Collaboration, arXiv:1102.5290 [hep-ex].
[67] E. L. Berger, E. L. Guzzi, H. -L. Lai, P. M. Nadolsky, and F. I. Olness, Phys. Rev. D
82, 114023 (2010).
[68] P. FileviezPerez, R. Gavin, T. McElmurry, and F. Petriello, Phys. Rev. D 78, 115017
(2008).
[69] B. A. Dobrescu, K. Kong, and R. Mahbubani, J. High Energy Phys. 07 (2007) 006; Y.
Bai and B. A. Dobrescu, arXiv:1012.5814 [hep-ph]; A. Idilbi, C. Kim, and T. Mehen,
Phys. Rev. D 82, 075017 (2010).
[70] D. Chang, R.N. Mohapatra, and M.K. Parida, Phys. Rev. Lett. 52, 1072 (1984); ibid.
Phys. Rev. D 30, 1052 (1984);
[71] N.G. Deshpande, E. Keith, and P. B. Pal. Phys. Rev. D 46, 2261 (1992).
[72] M. K. Parida and P. K. Patra, Phys. Rev. Lett. 66, 858 (1991); M. K. Parida and P. K.
Patra, Phys. Rev. Lett. 68, 754 (1992); M. K. Parida, Phys. Rev. D 57, 2736 (1998).
[73] V. V. Dixit and M. Sher, Phys. Rev. D 40, 3765 (1989).
[74] F. Buccella, D. Falcone, and L. Oliver, arXiv:1006.5698[Phys. Rev. D (to be published)].
26
